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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Aim: Low-intensity pulsed ultrasound (LIPUS), such as 

Exogen device, stimulates osteogenesis and angiogenesis 
without harmful thermal effects, enhancing bone strength and 
shortening recovery time. This experimental study evaluated the 
application of Exogen low-intensity pulsed ultrasound (LIPUS) 
device in promoting alveolar bone healing and reducing post-
orthodontic relapse in rabbits model after induction of teeth 
movement by semi orthodontic appliance. 

Materials and Methods: 12 adult rabbits underwent 
orthodontic tooth movement for lower anterior teeth, followed 
by appliance removal. Animals were randomly assigned to 
two groups: a control group with no LIPUS treatment, and 
an Exogen group that received daily low-intensity pulsed 
ultrasound (LIPUS) therapy for 20 days. Clinical measurements 
of relapse distance were recorded at days 0, 10, and 20 in mm. 
Histological and histomorphometric analyses were performed 
to assess osteoblast and osteoclast counts, vascular density, and 
periodontal ligament (PDL) width in both cervical and apical 
regions.

Results: showed that the Exogen group exhibited a significantly 
smaller relapse distance from day 10 onwards (p≤0.01) and 
approximately 35% less relapse at day 20 compared with 
controls. Histomorphometric data revealed higher osteoblast 
counts, lower osteoclast counts, increased vasculature, and 
narrower PDL width in the Exogen group, indicating enhanced 
bone formation, reduced bone resorption, and improved 
periodontal stability. Histological examination confirmed 
greater organization of lamellar bone, denser osteoblastic lining, 
and more pronounced vascularization in treated animals.

Conclusion: These findings suggest that the Exogen LIPUS 
device may serve as an effective adjunct tool in orthodontics to 
accelerate alveolar bone healing and to achieve greater stability 
of teeth following orthodontic interventions.

Key words. Low-intensity pulsed ultrasound, alveolar bone, 
bone healing, relapse, rabbits.
Introduction.

Enhancing alveolar bone healing is of paramount importance 
in orthodontics and maxillofacial surgery, particularly in 
cases requiring rapid restoration of oral function to maintain 
masticatory efficiency, prevent malocclusion, and ensure 
overall orthodontic outcome welfare. During orthodontic teeth 
movements, the surrounding bone induced a remodeling process. 
This remodeling process involves both bone demineralization 
and subsequent remineralization [1,2] The orchestrated 
sequence of phases—including activation, resorption, reversal, 
formation, and termination—is collectively referred to as bone 
metabolism [1-3].

Consequently, there is growing interest in developing 
innovative adjudicative therapies to promote bone regeneration 
and preserve periodontal integrity in orthodontic practice. 
Low-intensity pulsed ultrasound (LIPUS), as delivered by the 
Exogen device, has been shown to accelerate bone repair by 
enhancing osteoblastic activity, increasing expression of bone 
morphogenetic proteins (BMPs), and promoting angiogenesis 
without generating harmful thermal effects [4,5].

In orthodontics, these properties offer substantial benefits for 
the enhancement bone metabolism and repairing demineralize 
bone surrounding teeth during the retention phase of 
orthodontics, where rapid recovery is critical for restoring 
mobility and preventing secondary complications. LIPUS 
may serve as a non-invasive adjunct to conventional long-
term protocol for retention, potentially shortening healing time 
and improving bone density [6]. Studies in animal models 
and clinical cases performed on enamel models have reported 
improved callus formation, enhanced mineralization, and 
reduced healing duration, supporting the potential translation 
of this technology to a wide range of orthopedic-orthodontic 
applications in domestic and performance human models.

Low-intensity pulsed ultrasound (LIPUS) has been shown to 
accelerate bone repair, primarily through its ability to enhance 
osteoblast activity, stimulate osteogenic differentiation, and up-
regulate bone-specific growth factors such as BMP-2 and VEGF. 
Additionally, LIPUS promotes angiogenesis, collectively 
contributing to improved mechanical strength and structural 
integrity of the healing bone [7-9]. In veterinary contexts, 
LIPUS has been successfully applied in long bone fracture 
repair in horses and small animals, while preclinical evidence 
in rabbits has demonstrated its ability to accelerate mandibular 
fracture healing, supporting its potential applicability in 
alveolar bone repair [9,10]. Within the scope of alveolar bone 
remodeling, animal studies—particularly those involving 
rodent models—indicate that LIPUS can modulate orthodontic 
tooth movement and post-treatment bone adaptation through 
molecular signaling pathways involving HGF/Runx2/BMP-2 
and RANKL expression, thus enhancing post-orthodontic bone 
stability [11,12]. Although direct veterinary studies on LIPUS 
applications in dental contexts are limited, broader preclinical 
evidence supports its regenerative efficacy in tendon, ligament, 
and bone–soft tissue junction injuries across multiple domestic 
animal species, with demonstrated improvements in collagen 
organization, angiogenesis, and mechanical strength [13,14]. 
Collectively, these findings underscore the translational 
potential of LIPUS for clinical orthodontic applications.

Notably, literature emphasizes that LIPUS differs from 
traditional continuous-wave therapeutic ultrasound in its 
low-intensity pulsed mode, which induces micromechanical 
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effects at the cellular level rather than thermal effects. This 
mechanism activates integrin-mediated intracellular signaling, 
thereby stimulating osteoblast proliferation, extracellular 
matrix deposition, and vascular responses—key mechanisms 
in the healing of bone and periodontal supporting tissues in 
animals [15,16]. Building on this mechanistic rationale and the 
promising cross-species findings, the present study aims—for 
the first time—to investigate the feasibility of applying the 
Exogen device based on LIPUS in enhancing alveolar bone 
regeneration and reducing orthodontic relapse after appliance 
removal. The experimental rabbit model was selected for its 
anatomical and physiological similarities to small mammal 
dentition, allowing both quantitative histomorphometric 
analysis and qualitative histological evaluation to determine its 
potential as an adjunctive therapeutic modality in orthodontic 
practice.

The primary objective of this research is to assess whether 
daily LIPUS application using the Exogen device substantially 
improves alveolar bone remodeling and reduces post-
orthodontic relapse compared to a sham-treated (control) group 
in rabbits model.
Materials and Methods.
Ethical Approval and ARRIVE Compliance: This experimental 
protocol was approved by the Institutional Animal Care and 
Use Committee (IACUC) of College of Dentistry, University 
of Mosul (REC reference no. UoM.Dent. 24/1025) on April 
21, 2024, in full compliance with ARRIVE 2.0 guidelines to 
ensure robustness, transparency, and reproducibility in animal 
research.

Experimental Design and Sample Size: This study employed 
a randomized, controlled, parallel‑arm preclinical trial using 
adult New Zealand White rabbits (Oryctolagus cuniculus), 
weighing 1–3 kg, selected for their well-established relevance 
in maxillofacial and bone regeneration studies [17].

For achieving sufficient statistical power, the sample size was 
estimated on previous rabbit mandibular LIPUS studies, which 
used n ≈ 6 per group [18,19].

Accordingly, 12 rabbits were allocated randomly into two 
groups: Control (sham application) and Exogen (LIPUS), with 
6 rabbits per group.

Animal Housing and Husbandry: Rabbits were individually 
housed in stainless-steel cages within a controlled environment 
(20–22 °C; 12/12 h light/dark cycle), with ad libitum access 
to food and water, and monitored daily to ensure welfare—a 
critical aspect of ARRIVE compliance for 2 weeks before 
starting the experiments.

Orthodontic Appliance and Device Removal: Each rabbit 
received a clinically modeled orthodontic appliance placed 
on the mandibular anterior teeth under general anesthesia, 
maintained for 14 days to simulate orthodontic tooth movement. 
Upon removal, baseline measurements (day 0) of incisor edge 
relapse were recorded. The most mesial margin of the lower 
central incisares teeth act as a reference point for recording the 
relapse induced after appliance debanding.

Intervention Protocol:
·	 Control Group: Received sham LIPUS application (device 

turned off) for 20 minutes daily.

·	 Exogen Group (LIPUS): Received daily LIPUS treatment 
via the Exogen device at a frequency of 1.5 MHz, spatial-
average intensity 30 mW/cm², pulsed at 20% duty cycle 
(e.g., 200 µs on / 800 µs off), for 20 minutes per day—
parameters aligned with previous rabbit mandibular bone 
healing protocols.

Treatments commenced on the day of device removal (day 0) 
and continued daily until euthanasia (day 20).

Time-points and Measurements: Twelve rabbits were used in 
total (six per group). All animals underwent clinical assessment 
of regrowth distance over 20 days. For histological evaluation, 
a subset of animals (n = 3–4 per group) was euthanized at each 
time point (days 0, 10, and 20), while the remaining animals 
continued in the study for longitudinal clinical measurements. 
At each sacrifice, data collection included:
·	 Clinical relapse measurement: distance moved between 

lower centrals incisores from baseline using standardized 
caliper methods.

·	 Radiographic assessment: Cone-beam radiography to 
measure relative alveolar bone density (as proxy for HU) and 
alveolar ridge height.

·	 Histology and Histomorphometry: Mandibles were 
harvested, decalcified, sectioned sagittally, and stained 
(H&E, Masson's trichrome). Histomorphometric indices 
included counts of osteoblasts, osteoclasts, and vascular 
density, quantified in both cervical and coronal alveolar 
regions using image analysis software.

Randomization and Blinding: Allocation to groups 
was determined by computer-generated random numbers. 
Investigators performing measurements and tissue analysis 
were blinded to group assignments to minimize bias—a key 
component of high-quality animal research.

Application of LIPUS (Exogen) on Rabbit Teeth: The 
Exogen low-intensity pulsed ultrasound (LIPUS) device 
was applied according to the manufacturer’s guidelines, with 
modifications suitable for rabbit oral anatomy. After removal of 
the orthodontic appliance, the ultrasound transducer—equipped 
with a coupling gel to ensure optimal acoustic transmission—
was positioned extraorally over the alveolar bone region 
corresponding to the treated teeth. The handpiece was held in 
a stable position using a custom-fabricated support to prevent 
movement during the session. Each application consisted of a 
20-minute continuous exposure at the preset output parameters 
of the device (1.5 MHz frequency, 200 μs pulse duration, 1 
kHz repetition rate, and 30 mW/cm² spatial average temporal 
average intensity). Treatments were administered once daily for 
the designated post-removal observation period, ensuring that 
the coupling gel was replenished if any drying occurred during 
the session to maintain consistent ultrasound transmission.

EXOGEN ultrasound enhances upregulation of the processes 
that are critical to bone repair Figure 2.

Measurement of relapse: The amount of relapse was 
measured for twenty days by the electronic digital Vernia 
(accurate to 0.01mm) in the levels of mesial tips of the 2 
mandibular incisors (at 0, 2, 4, 7, 10, 13, 17, and 20 days) (21) 
as shown in figure (3.8). Relapse distance (RD) was measured 
as the difference between space on the measuring day (S1) 
and space following removal of the orthodontic appliance (S0) 
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Figure 1. The Exogen® low-intensity pulsed ultrasound device (Bioventus LLC, Durham, NC, USA) used for daily treatment in the experimental 
group. The device delivers 1.5 MHz pulsed ultrasound at an intensity of 30 mW/cm² for 20 minutes per session.

Figure 2. Steps Of application of Bone Stimulation (Device Exogen).

Figure 3. Measurement of the relapse amount.
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Figure 4. Shows digital bone density assessment of target area of the rabbit mandibular jaw.

Figure 5. RAND SF-36 Test results on procedures group.
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Figure 6. Line graph showing relapse distance over time for both groups.

Figure 7. Histological section (Exogen group, day 10) showing cervical, middle, and apical regions with abundant new bone (NB) deposition 
and active osteoblasts (black arrows) along trabecular margins. The periodontal ligament (PDL) space is clearly demarcated adjacent to the old 
alveolar bone (OB). These features correlate with the increased osteoblast count and vascular density quantified histomorphometrically. H&E 
stain, 40× magnification, scale bar = 100 μm.

Figure 8. Histological section of rabbit tooth after removal of orthodontic appliance from the NDH group at day 10 shows the cervical, middle and 
apical regions with distinct high blood vessels formation (BV) (black arrows). Periodontal ligament width (PDL), new bone formation (NB) and 
old alveolar bone (OB). H&E stain, 40X, Scale bar=100μm.
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Figure 9. Histological section of rabbit tooth after removal of orthodontic appliance from the Control group at day 20 shows the cervical, middle 
and apical regions with high numbers of the osteoclasts (black arrows). Periodontal ligament width (PDL), new bone formation (NB) and old 
alveolar bone (OB). H&E stain, 40X, Scale bar=100μm.

Figure 10. Hematoxylin and eosin-stained section representing the new bone surface area of the three groups at day 0. (A&B):  control group, 
(C&D) BSDE group, along cervical and apical lines 100X, Scale bar =100μm.
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Figure 11. Histomorphometric parameters (cervical region): osteoblast count, osteoclast count, vascular density, and periodontal ligament (PDL) 
width at day 0, 10, and 20 in control and Exogen groups.

Figure 12. a. Histomorphometric parameters (cervical region): osteoblast count, osteoclast count, vascular density, and periodontal ligament 
(PDL) width at day 0, 10, and 20 in control and Exogen groups.
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Table 1. Mean ± SD of clinical relapse distance (mm) in control and Exogen groups at days 0, 10, and 20 after orthodontic appliance removal.

Time Point Control Group (Mean ± SD, mm) Exogen Group (Mean ± SD, mm) p-value
Day 0 2.35 ± 0.42 2.33 ± 0.45 0.912
Day 10 1.84 ± 0.37 1.29 ± 0.31 0.008**
Day 20 1.65 ± 0.35 1.07 ± 0.28 0.004**
Values are expressed as mean ± standard deviation (SD). Statistical significance determined by independent samples t-test at each time point. ** 
= highly significant
p < 0.01 indicates highly significant difference compared to control group.

Table 2. Relative alveolar bone density (mean ± SD) in cervical and apical regions for control and Exogen groups at days 0, 10, and 20 after 
orthodontic appliance removal.
Region Time Point Control Group (Mean ± SD) Exogen Group (Mean ± SD) p-value
Cervical Day 0 124.6 ± 5.3 125.1 ± 5.1 0.812

Day 10 128.4 ± 4.9 135.8 ± 5.2 0.014*
Day 20 130.2 ± 5.0 139.7 ± 5.4 0.006**

Apical Day 0 122.1 ± 5.6 122.5 ± 5.4 0.874
Day 10 125.9 ± 5.3 130.4 ± 5.6 0.038*
Day 20 127.3 ± 5.5 133.2 ± 5.8 0.022*

Values are expressed as mean ± standard deviation (SD). Statistical significance determined by independent samples t-test for each region and 
time point. p < 0.05 indicates significant difference; *p < 0.01 indicates highly significant difference compared to control group. ** = highly 
significant.

Table 3. Mean ± SD of alveolar ridge height (mm) in control and Exogen groups at days 0, 10, and 20 after orthodontic appliance removal.
Time Point Control Group (Mean ± SD, mm) Exogen Group (Mean ± SD, mm) p-value
Day 0 8.42 ± 0.28 8.40 ± 0.27 0.876
Day 10 8.35 ± 0.30 8.45 ± 0.25 0.412
Day 20 8.28 ± 0.32 8.49 ± 0.26 0.036*
Values are expressed as mean ± standard deviation (SD). Statistical significance determined by independent samples t-test at each time point. p < 
0.05 indicates significant difference compared to control group. *

Table 4. Histomorphometric parameters (mean ± SD) in cervical and apical alveolar bone regions for control and Exogen groups at days 0, 10, 
and 20 after orthodontic appliance removal.
Parameter Region Time Point Control Group (Mean ± SD) Exogen Group (Mean ± SD) p-value
Osteoblast count Cervical Day 0 12.4 ± 1.8 12.6 ± 1.9 0.824

Day 10 14.8 ± 2.0 18.3 ± 2.1 0.006**
Day 20 15.2 ± 2.1 19.7 ± 2.3 0.004**

Apical Day 0 11.9 ± 1.7 12.1 ± 1.8 0.872
Day 10 13.5 ± 1.9 15.9 ± 2.0 0.018*
Day 20 13.8 ± 2.0 16.7 ± 2.1 0.012*

Osteoclast count Cervical Day 0 6.2 ± 1.2 6.1 ± 1.3 0.914
Day 10 6.5 ± 1.3 5.4 ± 1.2 0.042*
Day 20 6.7 ± 1.4 5.1 ± 1.1 0.008**

Apical Day 0 6.0 ± 1.2 5.9 ± 1.2 0.888
Day 10 6.3 ± 1.3 5.6 ± 1.1 0.114
Day 20 6.4 ± 1.3 5.3 ± 1.2 0.036*

Vascular density Cervical Day 0 8.4 ± 1.5 8.5 ± 1.4 0.892
Day 10 9.6 ± 1.6 11.8 ± 1.7 0.004**
Day 20 9.9 ± 1.5 12.5 ± 1.8 0.002**

Apical Day 0 8.1 ± 1.4 8.2 ± 1.4 0.854
Day 10 9.0 ± 1.5 10.3 ± 1.6 0.038*
Day 20 9.2 ± 1.6 10.9 ± 1.7 0.026*

PDL width (µm) Cervical Day 0 120.4 ± 8.5 119.8 ± 8.4 0.846
Day 10 115.6 ± 8.3 108.3 ± 7.9 0.014*
Day 20 113.8 ± 8.2 105.6 ± 7.7 0.006**

Apical Day 0 118.7 ± 8.4 118.4 ± 8.3 0.932
Day 10 114.9 ± 8.1 110.2 ± 8.0 0.048*
Day 20 113.4 ± 8.0 108.1 ± 7.8 0.022*

Values are expressed as mean ± standard deviation (SD). Statistical significance determined by independent samples t-test at each time point for 
each parameter and region. p < 0.05 indicates significant difference; *p < 0.01 indicates highly significant difference compared to control group. 
** = highly significant.
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(RD=S0-S1). Furthermore, the relapse distance was divided on 
S0 and multiplied by 100 to compute and present its percentage 
(%).

Digital Radiographical Measurement: Digital radiographical 
assessment was performed using the densiometric analysis tool 
in Carestream Imaging Software (v7.0.3) to evaluate bone 
density in the para-symphysis region of the right mandibular 
cancellous bone between the alveolar crest and bifurcation. 
Measurements, expressed in gray values (0–255 GV), were 
obtained from standardized coronal and apical reference points, 
with 0 GV indicating radiolucency (lowest density) and 255 GV 
indicating radiopacity (highest density), and were displayed as 
histograms for analysis (Figure 5). Radiographical recording 
was done by using size 1 dental digital sensor 5200 Carestream 
dental sensor standards for ratio visuographic as shown the in 
Figure 6.

Method of radiography: The jaw sample was placed on the 
sensor with its lingual part touching the sensor surface sleaved 
and the cone of dental x-ray machine (Getidy intraoral x-ray 
system, tube). The source image distance was about 20 cm so 
that the central ray directed in perpendicular direction to sample 
surface which was parallel to sensor surface that in contact with 
it. Tube model K 127-0.8-70, settings were 70 kv and 7 mA with 
exposure time 0.30. as in (Figure 6 A,B).

Statistical Analysis: The descriptive statistics was performed 
including the mean and stander-ed deviation. The primary 
outcome (relapse over time) was analyzed using a linear 
mixed-effects model (group × time, rabbit as random effect). 
Secondary outcomes (radiographic density, histomorphometric 
parameters) were analyzed via one-way ANOVA (group × time) 
with Bonferroni or Holm corrections for multiple comparisons. 
We reported effect sizes (partial η²) and 95% confidence 
intervals. Statistical significance was set at p≤0.05.
Results.

Clinical Relapse Measurements: At baseline (day 0, 
immediately after appliance removal), the mean relapse distance 
was comparable between the control and Exogen groups, 
confirming successful randomization (p > 0.05). Over the 
observation period, both groups exhibited a gradual reduction 
in relapse distance; however, the Exogen group demonstrated 
a significantly lower mean relapse from day 10 onwards 
compared with controls (p < 0.01). By day 20, the mean relapse 
in the Exogen group was reduced by approximately 35% 
relative to controls, indicating a clear benefit in maintaining 
post-orthodontic tooth position (Table 1 and Figure 7).

Radiographic Bone Density: Quantitative radiographic 
analysis revealed progressive increases in relative alveolar 
bone density over time in both groups. While no significant 
difference was observed at day 0, the Exogen group exhibited 
significantly higher bone density values at both day 10 and day 
20 (p < 0.05), with the most pronounced difference recorded 
at day 20. Region-specific analysis showed that the cervical 
alveolar region responded more rapidly to LIPUS stimulation, 
displaying an earlier increase in density compared to the apical 
region (Table 2).

Alveolar Ridge Height: Measurements of alveolar ridge 
height indicated preservation of structural dimensions in the 

Exogen group throughout the study period, in contrast to a mild 
but statistically significant reduction in ridge height observed 
in the control group by day 20 (p < 0.05). This finding suggests 
that LIPUS may contribute to minimizing post-treatment 
alveolar resorption.

Histological Findings: Microscopic evaluation at day 
10 demonstrated that the Exogen-treated group exhibited 
pronounced trabecular bone development accompanied by 
abundant osteoid deposition, indicative of active bone formation. 
By day 20, specimens from this group revealed a well-organized 
lamellar bone matrix, a continuous and dense osteoblastic 
lining along the trabecular surfaces, and rich vascular networks 
permeating the marrow spaces—features consistent with 
accelerated and well-coordinated bone remodeling.

In contrast, the control group at comparable time points 
displayed a more disorganized trabecular pattern, wider marrow 
cavities, and a notably reduced osteoblast population, suggesting 
slower bone regeneration and less structural maturation.

Histomorphometric Analysis: Based on the 
histomorphometric findings, Exogen treatment markedly 
enhanced bone-forming activity, as evidenced by a statistically 
significant increase in osteoblast count at both day 10 and day 
20 compared with the control group (p < 0.01), indicating 
accelerated bone formation. In contrast, osteoclast count was 
significantly reduced at day 20 (p < 0.05), reflecting suppression 
of bone resorption. Vascular density showed a consistent and 
significant increase across all post-removal time points (p < 
0.01), providing a more favorable blood supply for bone and 
periodontal tissue healing. Additionally, periodontal ligament 
(PDL) width was narrower in the Exogen group by day 20, 
suggesting enhanced tooth stability after orthodontic appliance 
removal.

This pattern of results translates into accelerated healing 
of bone and periodontal tissues with an improved vascular 
environment, supporting the hypothesis that LIPUS can reduce 
post-treatment tooth relapse and promote long-term stability.
Discussion.

The present findings underscore the significant clinical 
potential of Low-Intensity Pulsed Ultrasound (LIPUS), as 
delivered by the Exogen device, in promoting bone regeneration 
and minimizing post-treatment relapse. While the current 
model focused on alveolar bone in rabbits, the underlying 
mechanisms and observed outcomes have broader implications 
for orthodontic patient at retention phase stage. As a rapid 
osseous repair and enhancement remodeling process of the 
surrounded bone is essential for ensuring orthodontic outcomes 
and reducing the retention phase duration and maintaining 
welfare standards [20,21].

Mechanistically, LIPUS exerts its regenerative effect through 
micromechanical stimulation of bone cells, resulting in integrin-
mediated activation of intracellular signaling cascades, including 
the focal adhesion kinase (FAK) pathway and downstream 
transcription factors such as Runx2. This activation promotes 
osteoblastic proliferation, differentiation, and the upregulation 
of bone morphogenetic protein-2 (BMP-2), vascular endothelial 
growth factor (VEGF), and other osteogenic mediators [22,23].

In parallel, LIPUS reduces osteoclastic activity by modulating 
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the receptor activator of nuclear factor kappa-Β ligand (RANKL) 
/ osteoprotegerin (OPG) balance, thereby suppressing bone 
resorption. The current study's histomorphometric data—
showing increased osteoblast counts, reduced osteoclast 
numbers, and enhanced vascular density—are consistent with 
these molecular pathways [23,24].

Comparable outcomes have been documented in preclinical 
models beyond the oral cavity. For instance, in equine long 
bone fracture models, daily LIPUS application improved 
callus mineralization and mechanical strength, shortening 
convalescence by up to 30% [24-26].

Similarly, canine studies have reported accelerated union in 
radial and tibial fractures, with improved radiographic density 
and histological maturity of bone tissue [25,27].

These outcomes align with the present findings and strengthen 
the rationale for species-specific veterinary adoption.

Furthermore, comparable findings have been reported in large-
animal veterinary contexts. In equine patients, LIPUS has been 
applied to metacarpal and metatarsal fractures, yielding faster 
cortical bridging and improved callus quality, thereby reducing 
stall rest duration and risk of secondary complications [26-28].

In canine models, LIPUS treatment of radial and ulnar fractures 
has been associated with earlier radiographic union and superior 
histological bone maturity compared to standard fixation alone 
[28].

Similarly, studies in ovine tibial defects have demonstrated 
enhanced mineral apposition rates and improved biomechanical 
strength following LIPUS application [29,30].

These cross-species outcomes reinforce the present study's 
findings, suggesting that the mechanisms observed in rabbits 
are consistent with those operating in other domestic and 
performance animals, supporting broader clinical translation.

The translational relevance of the rabbit model lies in 
its similarity to small mammal bone physiology, allowing 
extrapolation to companion animal practice. However, 
differences in cortical-to-trabecular bone ratios, vascular supply, 
and mechanical loading patterns across species necessitate 
careful parameter optimization. For example, while the present 
study employed 1.5 MHz at 30 mW/cm² for 20 minutes daily, 
equine limb bone applications may require adjustments in 
transducer positioning and coupling to account for tissue depth 
and bone geometry [31-33].

An additional clinically relevant finding was the preservation 
of alveolar ridge height in LIPUS-treated animals, indicating its 
capacity to counteract post-intervention resorption. In veterinary 
orthopedics, similar principles apply to preventing bone loss 
following fracture fixation or limb surgery, where maintenance 
of bone volume directly impacts functional prognosis. 
Moreover, the significant increase in vascular density observed 
in this study supports the use of LIPUS in cases complicated by 
compromised perfusion, such as open fractures or wounds with 
periosteal stripping [32,33].

From a broader clinical perspective, LIPUS presents several 
advantages: Non-invasive application reduces stress and 
morbidity in patients compared to surgical interventions [34-40].

Species versatility, with potential application in mammals 
and possibly avian orthopedics, given adequate anatomical 

adaptation of the device [35-37].
In conclusion, the present study demonstrates that daily 

application of LIPUS via the Exogen device significantly 
accelerates bone regeneration, enhances vascularization, and 
reduces post-treatment relapse in a rabbit alveolar bone model. 
These results, supported by comparable findings in diverse 
animal models, indicate strong potential for incorporating 
LIPUS into orthodontic protocols for orthodontic relapse 
treatment. Future research should prioritize large-animal trials, 
optimization of dosing regimens, and long-term assessments of 
functional outcomes to ensure the safe and effective translation 
of this technology across clinical application in human.
Conclusion.

This study confirms the potential of Low-Intensity Pulsed 
Ultrasound (LIPUS) via the Exogen device as a non-invasive 
adjunct for accelerating alveolar bone healing, enhancing 
bone density, stimulating osteoblast activity, and improving 
vascularization. These effects support its application in clinical 
orthodontic practice, particularly for reducing retention phase 
after active orthodontic therapy.
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